The Arabidopsis gene At5g21040 encodes a protein containing both WD40 and F-box motifs, termed FBX2. A T-DNA insertional mutant in this gene was obtained. Analysis of this mutant line showed that FBX2 is a negative regulator of several P i starvation responses. FBX2 interacts with BHLH32, another negative regulator of P i starvation responses. We suggest that FBX2 may be part of an SCFlike complex that recruits BHLH32 and its partners, potentially targeting the latter for proteolysis.
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Phosphorus is an essential macronutrient for the growth, development and reproduction of plants. It is absorbed by plants almost entirely in the form of inorganic phosphate (P i ), and the availability of P i often limits crop yield (Raghothama 1999) . Plants mount numerous responses to P i limitation (Raghothama 1999 , Vance et al. 2003 , Ticconi and Abel 2004 . They increase the mobilization and uptake of P i by modifications to root architecture and growth, including an increase in the number and length of root hairs, expression of P i transporters, induction of endogenous and secreted phosphatases and RNases, and exudation of organic acids. They also limit the metabolic requirements for P i , by engaging alternative respiratory pathways and bypassing P i -requiring steps, and increase the accumulation of anthocyanins. Hence the expression of many genes is altered in P i starvation.
Recently several genes and proteins involved in responses to P i starvation have been identified. The
Arabidopsis gene PHR1 encodes a single MYB transcription factor required as a positive regulator of a subset of the genes whose expression is activated in P i starvation (Rubio et al. 2001) . Some of the effects of PHR1 are mediated by expression of the microRNA miR399 in P i starvation. This suppresses expression of an E2 ubiquitin-conjugating enzyme (UBC24), the product of the PHO2 gene, and leads to overaccumulation of P i (Fuji et al. 2005 , Bari et al. 2006 . The targets of the ubiquitin-conjugating enzyme, and the functional effects of their ubiquitination, are not known, but the miR399-PHO2 pathway is thought to affect the allocation of P i within the plant (Bari et al. 2006) . Recently it was shown that the Arabidopsis SUMO E3 ligase AtSIZ1 negatively regulates some P i starvation responses, such as increased root hair number and length, that do not involve PHR1 (Miura et al. 2005) . As well as its role as a negative regulator, AtSIZ1 also positively regulates some P i starvation responses in which PHR1 is involved, and can sumoylate PHR1 in vitro (Miura et al. 2005) . There is also evidence for negative regulation in the induction of the P i transporter gene AtPT2 (ARAth; Pht1;4) in P i starvation (Mukatira et al. 2001) . Other proteins thought to affect P i starvation responses include DELLA proteins (Jiang et al. 2007 ), a WRKY transcription factor (Devaiah et al. 2007 ) and two SPX domain-containing proteins (Duan et al. 2007 ); however, the nature of their involvement is not known.
Recently we showed that in Arabidopsis, the basic helix-loop-helix (bHLH) protein BHLH32 negatively regulates several P i starvation responses. These include the expression of the phosphoenolpyruvate carboxylase kinase (Nimmo 2003 ) genes PPCK1 and PPCK2, the formation of root hairs and the accumulation of anthocyanins (Chen et al. 2007 ). The induction of PPCK1 and PPCK2 may be part of the metabolic response to P i starvation (Plaxton and Carswell 1999, Chen et al. 2007) . BHLH32 can interact with the WD40 protein TTG1 and the bHLH protein GL3, both of which are involved in root hair formation *Corresponding author: E-mail, h.g.nimmo@bio.gla.ac.uk; Fax, þ44-14133-04620. Plant Cell Physiol. 49(12): 1902 -1906 (Schiefelbein, 2003 , Zhang et al. 2003 . We suggested that BHLH32 may interfere with the functioning of TTG1-containing complexes in several P i starvation responses, thus acting as a negative regulator. Given the likely participation of targeted proteolysis in P i starvation responses, we decided to screen components that might be involved in such a system. As a first step we noted that two Arabidopsis proteins contain both WD40 and F-box domains (Gagne et al. 2002) , and might therefore play a role in the modification or translocation of complexes involved were transferred to medium at the indicated P i concentrations and grown for a further 12 h. They were then harvested and their P i and anthocyanin contents were analyzed. Values and error bars are means AE SD (n ¼ 4). The P i content of seedlings in the presence of P i and the anthocyanin content in the absence of P i were significantly higher in fbx2 than in the wild type (P50.001 and P50.01, respectively, by Student's t-test). in P i starvation responses. Here we show that one of these indeed acts as a negative regulator of some P i starvation responses.
We isolated a homozygous line with a T-DNA insertion in the gene At5g21040 which encodes a protein containing both WD40 and F-box motifs, hereafter termed FBX2. The insertion interrupts the coding sequence of FBX2 (Fig. 1E) . The fbx2 mutant is completely devoid of full-length FBX2 transcripts (Fig. 1A) . Reverse transcription-PCR (RT-PCR) experiments showed that FBX2 is expressed in all organs tested (not shown), and that its expression is not directly affected by P i status (Fig. 1A) nor by the bhlh32 mutation (not shown). When grown in P i -sufficient conditions, fbx2 contained significantly more total P i and more anthocyanin than the wild type, and expressed PPCK1 to a significantly higher level (Fig. 1B-D) . However fbx2 was able to respond to P i starvation by increasing both anthocyanin content and PPCK1 expression (Fig. 1B, D) . FBX2 must affect PPCK1 expression and anthocyanin content independently of P i content, since the increased P i in fbx2 would be expected to reduce rather than increase PPCK1 expression and anthocyanin formation.
These properties are similar to those of bhlh32, which also shows a root hair phenotype (Chen et al. 2007 ). We therefore tested root hair formation in fbx2, and found that it is not suppressed by growth in the presence of high levels of P i (Fig. 2) . The fbx2 mutant had no obvious growth phenotype apart from this effect on root hairs. To confirm that this phenotype is caused by the fbx2 mutation, we expressed a green fluorescent protein (GFP)-FBX2 fusion protein from the cauliflower mosaic virus (CaMV) 35S promoter in the fbx2 background. Three independent homozygous lines were established. Expression of the GFP-FBX2 fusion protein was confirmed by Western analysis (not shown) and by confocal microscopy (see Supplementary data). Representative images (Fig. 2 and Supplementary data) demonstrate that expression of the fusion protein corrected the root hair phenotype of fbx2. We conclude that FBX2, like BHLH32, acts as a negative regulator of several processes that respond to P i starvation.
Following our earlier observation (Chen et al. 2007 ) that BHLH32 can interact with TTG1 and GL3, we used the two-hybrid system to test possible interaction partners of FBX2. This showed that FBX2 can interact with BHLH32, but not with any of GL3, EGL3 and PHR1 (Fig. 3A) . Quantittive assessment showed that the interaction of BHLH32 with FBX2 is almost as strong as its selfinteraction (Fig. 3B ). To confirm this interaction using another method, we expressed a GST-BHLH32 fusion protein in Escherichia coli, immobilized it onto glutathioneagarose beads and used it to probe 35 S-labeled proteins from in vitro transcription/translation reactions. Fig. 3C shows that immobilized GST-BHLH32, but not immobilized GST, captures labeled FBX2 and, as a positive control, also captures labeled BHLH32. This confirms the results of the yeast two-hybrid experiments.
We have already suggested that BHLH32 can act as a negative regulator of several P i starvation-induced processes by interfering with TTG1-containing complexes. In this work we have added another piece to the jigsaw of components that affect P i starvation responses by showing that FBX2 also negatively regulates these processes, and that it can interact physically with BHLH32. As a model to explain these observations, we suggest that BHLH32 acts as a negative regulator of P i starvation-induced complexes by binding to TTG1-containing complexes and targeting them for destruction. The role of FBX2 would be as part of an SCF-like complex which recruits BHLH32 and its partners and destroys these partners, but presumably not BHLH32 itself. Thus in this model, BHLH32 and FBX2 are not part of the P i starvation sensing and signaling pathways but rather can modulate the levels of processes that respond to P i starvation.
Materials and Methods
For seedling culture, the wild type and fbx2 (SALK_003143) of Arabidopsis thaliana were in the Columbia background; the SALK_003143 T-DNA insert line was self-fertilized to obtain a homozygous line as judged by PCR. Seeds were sterilized and germinated in a 250 ml flask of 100 ml of 1/5 Â MS macronutrients with 1.25 mM KH 2 PO 4 , 1 Â MS micronutrient medium containing 50 mM sucrose and 2.5 mM MES buffered to pH 6.0 by addition of Bis-Tris propane (Sigma-Aldrich, Gillingham, Dorset, UK). Seedlings were grown at 228C in a continuous low fluence rate of white light (20 mmol m -2 s -1 ) with constant shaking (110 r.p.m.). Seven days after germination seedlings were transferred to 1/5 Â MS without KH 2 PO 4 , 1Â MS micronutrient medium containing 50 mM sucrose and 2.5 mM MES (pH 6.0) for 12 h or as indicated. The whole seedlings were harvested for gene expression analysis.
For analysis of root hair development, seeds were germinated on 1 Â MS complete medium, 3% sucrose, 2.5 mM MES pH 5.7, 0.8% agar for 5 d, then transferred to 1/20 Â MS macronutrients, 1 Â MS micronutrients, 3% sucrose, 2.5 mM MES pH 5.7, 1.2% agar with a total phosphate concentration of either 1.25 or 0.06 mM for 3 d. Roots were photographed on agar.
Full-length cDNAs were amplified by PCR, cloned into pTOPO-TA (Invitrogen, Paisley, UK) and ligated into the vectors pGBKT7 or pGADT7 (BD Biosciences, San Jose, CA, USA) as described previously (Chen et al. 2007 ). The primers for FBX2 were: forward 5 0 -gggaattcatggaatttgagtgcc, reverse 5 0 -ctggatccttaggccttcgccttc. Pairs of different combinations of the pGBKT7 and pGADT7 vectors were co-transformed into yeast strain AH109 competent cells (BD Biosciences) and plated onto synthetic dropout medium lacking leucine, tryptophan and histidine and supplemented with X-a-gal to investigate interaction of these hybrid proteins. a-Galactopyranosidase activity was assayed with p-nitrophenyl a-galactopyranoside (Sigma-Aldrich) according to a protocol provided with the Matchmaker system (BD Biosciences). One unit of a-galactopyranosidase is defined as the amount of enzyme that hydrolyzes 1 mmol p-nitrophenyl a-galactopyranoside to p-nitrophenol and D-galactose in 1 min at 308C in acetate buffer, pH 4.5.
BHLH32 and FBX2 were recombined in-frame to pGBKT7 as described above. They were used as templates in a coupled transcription-translation system (TNT Õ T7; Promega, Madison, WI, USA) to synthesize protein to be used as preys. BHLH32 was also recombined in-frame to pET-41a( þ ) (Novagen, Merck Chemicals, Nottingham, UK) to produce glutathione S-transferase (GST)-tagged protein as a bait. Subsequently, the pull-down assay was performed according to the manufacturer's protocol for the MagneGST TM Pull-Down System (Promega).
Total RNA was extracted using RNeasy plant mini kits (Qiagen, Crawley, UK) and then treated with DNase (DNA-free; Ambion, Huntingdon, UK) to remove contaminating genomic DNA. Total RNA (2.5 mg) was used to synthesize first-strand cDNA, and subsequently PCR was performed by using specific primers for ACTIN2 as described previously (Fontaine et al. 2002) ; the primers for FBX2 were: forward 5 0 -tttccttggcttgtctcagc, reverse 5 0 -tcttatggatccggccttcgccttcccgcttgc. All PCRs were performed using the same program: 948C for 2 min, 25 cycles of 948C for 30 s, 608C for 30 s, 728C for 1 min; 728C for 5 min final extension.
Quantitative PCR was performed in 25 ml reactions containing 5 ml of 10-fold diluted first-strand cDNA, 0.3 mM of each (C) In vitro pull-downs using an immobilized GST-BHLH32 fusion protein (lanes labeled BHLH32) to probe 35 S-labeled proteins. As a negative control, beads were loaded with GST. Bound proteins were resolved by SDS-PAGE and visualized using a Fuji phosphorimager.
An F-box gene involved in P i starvation responsesprimer and 1 Â QuantiTect SYBR Green PCR Master Mix (Qiagen). The following primers were used for PPCK1-F (5 0 -gaagattctcaaccgaacaagcatt) and PPCK1-R (5 0 -ttggtaggctggcggaatcta). The relative expression level was calculated by using the comparative C T (threshold cycle value) method. The expression level of Ubiquitin 10 (At4g05320) was measured and taken as a housekeeping control by using the same primers as described (Bari et al. 2006) . Fold changes (2 -ÁÁCT ) were expressed relative to wild-type seedlings without P i starvation (zero time).
For measurements of anthocyanin and P i content, seedlings were grown on agar plates with 1/2 Â MS complete medium for 5 d and then transferred to plates plus (0.625 mM) or minus (0.04 mM) P i for 7 d. Whole seedlings were extracted. The contents of anthocyanins and P i were measured as described by Swain and Hillis (1959) and Stevenson-Paulik et al., (2005) , respectively.
A full-length cDNA encoding FBX2 was amplified by PCR (forward primer, 5 0 -caccatggaatttgagtgcc; reverse primer, 5 0 -tcttatggatccggccttcgccttcccgcttgc) and cloned into the Gateway entry vector pENTR TM /SD/D-TOPO (Invitrogen). The fragment was transferred into the binary vector pGWB6 (Invitrogen) to yield the CaMV 35S promoter:GFP-FBX2 fusion using the Gateway LR recombination reaction. The construct was stably transformed into fbx2 mutant plants and 12 transformants were obtained. Three of these were chosen at random and homozygous lines were selected from each. For each homozygous line, 20 seedlings were tested for root hair formation, and the fbx2 phenotype was corrected in all of the seedlings.
Unless stated otherwise, all experiments have been repeated at least twice and representative data are shown.
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